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Abstract

As the most commercially developed metal additive process, laser powder bed fusion
(LPBF) is vital to advancing several industry sectors, enabling high-precision part pro-
duction across aerospace, biomedical, and manufacturing industries. Al 7075 alloy offers
low density and high-specific strength yet faces LPBF challenges such as hot cracking and
porosity due to rapid solidification, thermal gradients, and a wide freezing range. To ad-
dress these challenges, this study proposes an integrated computational and experimental
framework to enhance the LPBF processability of Al 7xxx alloys by compositional modifi-
cation. Using the Calculation of Phase Diagram approach, printable Al 7xxx compositions
were designed by adding grain refiners (V and/or Ti) and a eutectic solidification enhancer
(Mg) to Al 7075 alloy to enable grain refinement and eutectic solidification. Subsequent
LPBF experiments and characterization tests, such as metallography (scanning electron
microscopy), energy-dispersive X-ray spectroscopy, X-ray diffraction, and X-ray micro-
computed tomography, confirmed the production of refined microstructures with reduced
defects. This study contributes to existing approaches for producing high-quality Al 7xxx
alloy parts without significant compositional deviations using an integrated computational
and experimental approach. Finally, aligning with the Materials Genome Initiative, this
study contributes to the development and industrial adoption of advanced materials.

Keywords: Al 7075 alloy; hot cracking susceptibility; hot susceptibility index; cracking
susceptibility coefficient; columnar-to-equiaxed transition; laser powder bed fusion; grain
refinement; eutectic solidification; selective laser melting

1. Introduction

Metal additive manufacturing (AM) has evolved rapidly since its emergence in the
late 1980s and early 1990s [1], becoming increasingly important across medical, aerospace,
defense, automotive, oil and gas, and tooling industries. This widespread adoption is
driven by its ability to produce topologically complex net or near-net shapes with design
freedom [2-6], reduced lead time, and decreased manufacturing costs compared to conven-
tional approaches [7,8]. The layer-wise processing approach and rapid solidification in AM
produce distinct microstructures that can, in some cases, yield improved mechanical [9-12]
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and corrosion resistance [13,14] properties. Selective laser melting (SLM), an LPBF technol-
ogy, can fabricate fully dense metallic parts from powders [15] and is particularly suited for
alloys that are difficult to shape conventionally, including aluminum [16], stainless steel [17],
titanium [18,19], cobalt-chrome [20], and nickel [21] alloys. Despite these advancements,
Al alloy-based structural parts are mainly manufactured by casting, forging, extrusion, and
powder metallurgy [22]. However, increasing demands for lightweight, high-performance
designs have intensified research interests in AM [23,24]. Thus, producing Al alloy parts
with diverse structures, high dimensional accuracy, and near-net-shape using AM remains
a major research focus.

During LPBE, the rapid solidification of metal alloys leads to unique structural and
mechanical properties with high heating and cooling rates (103-108 K-s~1) [25,26]. This
rapid processing results in constitutional changes, such as partitionless solidification and
microstructural individual phase refinements, dependent on the solidification interface
velocity [27,28]. The LPBF processing of Al alloys has gained much interest in recent years,
mainly due to the achievable peculiar microstructures and enhanced mechanical proper-
ties [29]. However, only a few Al alloys have been processed successfully and crack-free
by LPBF, such as the low-strength and low-ductility (~4%) Al-S5i7-Mg0.6, Al-Si9-Mg0.3,
Al-5i10-Mg, and Al-5i12 alloys, which is due to their excellent castability, with low shrink-
age due to the large fraction of Al-Si eutectic [30]. Concerning Al 7075 alloy, its LPBF
processability is limited due to its low weldability, resulting from hot-cracking and stress
corrosion due to the fast solidification rate [31]. During ultrafast solidification, the primary
equilibrium phase solidifies at a different composition from the bulk liquid, resulting in so-
lute enrichment in the liquid near the solidifying interface, locally changing the equilibrium
liquidus temperature and producing an unstable, undercooled condition. Consequently,
there is a breakdown of the solid-liquid interface, leading to cellular or dendritic grain
growth with long channels of interdendritic liquid trapped between solidified regions.
As temperature and liquid volume fraction decrease, volumetric solidification shrinkage
and thermal contraction in these channels produce cavities and hot tearing cracks, which
may span the entire length of the columnar grain and can propagate through additional
intergranular regions [32].

Although processing parameter optimization can vary the solidification conditions
during LPBF and improve part quality, it cannot eliminate cracking entirely due to the
intrinsic high thermal gradient and large thermal stresses [33]. For example, in a holistic
study, Stopyra et al. [34] conducted multistage trials to adjust the optimum process pa-
rameters to produce crack-free LPBF-processed Al 7075 parts with no success. Fortunately,
cracking can be eliminated by refining the large columnar grains into homogeneous, fine
equiaxed grains with higher cracking resistance by inoculation treatment [33,35]. This
approach entails introducing lattice-matched nucleation particles and/or solutes with a
high growth restriction factor into the original alloys to achieve columnar-to-equiaxed
transition (CET) during LPBF [36-38]. LPBF-processed high-strength Al alloys have been
developed by introducing alloying elements with high growth restriction factors (e.g., Sc,
Zr, Er, Ti, V, Nb, and Ta), metal-based nanoparticles, or ceramic particles (e.g., TiC, TiN,
TiCN, and TiBy) [33,38-47]. The eutectic solidification (ES) strategy is another approach that
has been widely implemented in Al-Si [48-50] and Al-Ce [51,52] alloys. In this approach,
ES is facilitated by introducing eutectic-forming solute elements in Al, which provides
ample liquid for the backfilling of cracks and is specifically effective if it occurs in the termi-
nal solidification stage (the stage with the highest hot cracking susceptibility (HCS)) [35].
Although studies have obtained promising results using these approaches, some utilized
expensive metal-based nanoparticles (XH; 5 or XHj, where X represents the metal atom),
which introduced gas holes that deteriorate densification behavior. Some utilized expen-



Materials 2025, 18, 5089

3 of 40

sive elements (such as Sc [36,37], Zr, and Ta [43]) and ceramic nanoparticles (TiC/Ti [53],
TiN/Ti [54], and TiB,/Si [55]). Note that some of these novel methods often require ad-
ditional processes, such as ball milling for extended durations, before LPBF [47]. Some
utilized large amounts of foreign nucleant particles or solute elements, such as 5-16 wt.%
Si. [56,57], causing embrittlement and /or compositional deviation, thereby creating post-
processing and application difficulties. To the best of our knowledge, only one study
exists where the synergy of grain refinement and ES strategies has been applied to process
crack-free LPBF-processed Al 7075 alloy. Li et al. [58] developed a novel SLM-processed
Si-modified (2.9 wt.%) and Zr-modified (1 wt.%) Al-Zn-Mg—Cu (Al 7075) alloy. How-
ever, their study provided no computational thermodynamic basis for the selection and
amount of the alloying elements; instead, it used trial-and-error experimental approaches,
which are costly and time-consuming. Thus, the question begs whether it is possible to
fabricate crack-free/crack-reduced LPBF-processed Al 7075 alloy by grain refinement and
ES strategies using an integrated experimental and computational approach to save time
and cost.

Therefore, a key research gap in the literature lies in the absence of a computationally
guided, composition-level alloy design strategy that integrates heterogeneous nucleation
(HN) and eutectic feeding for LPBF-processed Al 7xxx alloys, which eliminates trial-and-
error experimental approaches, avoids excessive solute additions, and is practically effec-
tive. To bridge this gap, the study develops an integrated computational and experimental
framework that couples grain refinement (by HN on potent primary particles, resulting in
CET) and ES [35]. Grain refiners, such as V and Ti, and a eutectic-forming element, such as
Mg, were added to Al 7075 alloy in trace amounts. V and Ti were selected as grain refiners
because they facilitate the formation of L1, primary trialuminides (Al3V and Al;Ti); the
small degree of lattice parameter misfit between them and Al makes them potent nuclei
for HN. Mg was selected as the eutectic-forming solute element in Al because it would
solidify via ES over the large part of the final stage or throughout the final stage, thus likely
exhibiting crack-free microstructure and a wider processing window [36]. In LPBF, the
cooling rates are very high, but the ES occurs at a specific or narrow temperature range.
Thus, the deleterious effects of thermal contraction strains are minimized. This study is
based on the premise that the combined use of V/Ti and Mg will reduce solidification crack-
ing and porosity by simultaneously promoting equiaxed grain formation and sufficient
terminal liquid feeding. Specifically, it is proposed that during solidification (i) trace V and
Ti additions generate adequate AlzV and Al3Ti nuclei to encourage CET under LPBF ther-
mal gradients, (ii) Mg enrichment enables the timely formation of the Al,MgsZnj3 eutectic
fraction toward the end of solidification at a relatively higher temperature and lower solid
fraction, allowing ES to persist to the end and improving liquid feeding to reduce defects,
and (iii) a Calculation of Phase Diagram (CALPHAD)-guided alloy design framework
can achieve these improvements more efficiently than process-parameter optimization
achieved by trial-and-error experimental approaches.

To accomplish this study, first, LPBE-processible Al 7xxx alloys were designed by intro-
ducing grain refiners and an ES enhancer to Al 7075 alloy using the CALPHAD approach.
Second, cuboids of the compositions of interest were printed using LPBE. Finally, met-
allography (scanning electron microscopy (SEM)), energy-dispersive X-ray spectroscopy
(EDS), X-ray micro-computed tomography (micro-CT), and X-ray diffraction (XRD) studies
were conducted to characterize the morphologies of the as-printed samples, the elemental
distribution, the sizes and distributions of the internal voids within the as-printed samples,
and the phases in the as-printed samples, respectively. This study contributes to existing
approaches for producing LPBF-processible Al 7xxx alloy parts without significant compo-
sitional deviations using an integrated computational and experimental approach. It dis-
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tinctively presents a cost-effective, composition-level “nucleation-and-feeding” co-design
strategy actualized using a CALPHAD-LPBF—characterization workflow that links pre-
dicted solidification metrics to observed cracking and porosity. Furthermore, it contributes
to the Materials Genome Initiative by demonstrating a practical pathway for designing
LPBF-processible high-strength aluminum alloys, thereby supporting the development and
industrial adoption of advanced materials.

2. Materials and Methods
2.1. CALPHAD-Based Alloy Design Approach for LPBF

Herein, LPBF-processible Al 7xxx alloys were designed by conducting CALPHAD-
based thermodynamic simulations using the Scheil solidification simulation and property
modules of the Thermo-Calc 2024a software package and the corresponding TCALS: Al-
Alloys v8.2 Thermodynamic and MOBAL?: Al-Alloys Mobility v7.0 databases.

First, classic Scheil simulations were conducted to simulate the liquid-phase composi-
tion and solidification path (temperature-mole fraction of solid (T-fs) and T— fsl/ 2 curves)
during solidification. These curves present a cost-effective, high-throughput method for
computationally assisted alloy design for AM [35]. The solidification path helps provide
insights about HCS, and the amount of grain-refining or eutectic-forming phases can be
predicted [35]. The classic Scheil model assumes infinitely fast solute diffusion in the
liquid, no solute diffusion in the solid, and a liquid—-solid interface in thermodynamic
equilibrium. Consequently, classic Scheil calculations predict an extreme case of solute
segregation during the solidification process. During the calculation process, negligible
solid-state diffusion was assumed because of the high solidification rate of the LPBF process,
while convective-driven Marangoni flows in the melt pool foster liquid mixing [35,59-61],
which is favorable for applying the Scheil simulation. This assumption may not always be
appropriate for conventional manufacturing processes, such as casting. However, when
solidification rates match the solute atom diffusion speed across the solid-liquid interface,
solute trapping may occur, making perfect liquid mixing challenging. Under such condi-
tions, using a growth rate-dependent partition coefficient becomes essential [59]. Thus, the
classic Scheil simulation-generated T—fs curves represent a limiting case of solidification in
LPBE, with complete solute trapping being another limit [35]. The simulation spanned from
the liquidus temperature to the solidus temperature. During the simulations, a temperature
step of 1 °C was used, and the solidification was terminated when the liquid phase fraction
was less than 0.01. The solid fraction was sequentially calculated per the temperature.
Herein, several classic Scheil simulations were conducted while adding different amounts
of Ti, V, and/or Mg to select the compositions of interest.

Second, classic Scheil-based thermodynamic simulations were conducted to compute
the cracking susceptibility coefficients (CSCs), freezing ranges, hot susceptibility index
(HSL Equation (1)), critical temperatures (ATcrRr; Equation (2)), and liquidus and solidus
temperatures as a function of the base alloy and different additions of alloying elements.

HSI = ‘le/z near é/z =1, (1)
dfs
ATctr = Th=095 — Tf=1- 2)

Here, the freezing range is the difference between the liquidus and solidus tempera-
tures on the T—fg curve, HSI is the absolute value of the slope of the T- fsl/ 2 curve near

51/ 2 =11[62,63], and ATcrr is the difference between the temperatures corresponding to
fs =095 (Tg, = 095) and fs =1 (Tg = 1) [62]. HSI and ATcrr both focus on the terminal
stage of solidification. A high HSI value represents poor bridging capability of grains
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and thus poor printability [64,65], and a high ATcTr value indicates that the alloy spends
a longer time in the most cracking susceptible stage and that higher contraction strains
exist [66]. The HSI calculation in Thermo-Calc is based on Kou's criterion. Kou [65] consid-
ered (1) the separation of grains under tensile strain resulting in cracking, (2) the growth of
grains, thereby bridging together to resist cracking, and (3) liquid feeding along the grain

boundaries to resist cracking, and showed that d;ilT/z near sl/ 2 = 1 of an alloy can be an
S
index for its crack susceptibility. He concluded that a high d?lT/z near 51/ 2 = 1 discourages
S

the bridging of neighboring columnar dendritic grains needed to resist cracking by slowing
down the lateral growth rate of the grains. It also discourages the shrinkage feeding needed
to resist cracking by lengthening the grain-boundary channel to hinder liquid flow through
the channel. The CSC calculation is based on the Clyne and Davies model, which describes
the effects of alloy composition on hot tearing, and is combined with a heat flow model

proportional to 1/t%5

, where t represents time [67-70]. Solidification cracking happens in
the later stage of solidification. With combined solidification and heat flow models, CSC is
defined as follows:

csc = v, 3)
IR

where tr is the relaxed period when the material is less prone to cracking (liquid-phase
amount = 60%-10%) due to adequate liquid feeding to the grain gaps caused by thermal
contraction, and ty is the duration when the material is vulnerable to cracking due to
limited availability of liquid (liquid-phase amount = 10%-1%) [67-70].

2.2. Compositions of Interest

Guided by CALPHAD-based thermodynamic simulations, grain refiners (V and Ti)
and a eutectic enhancer (Mg) were added to Al 7075 alloy in trace amounts. Table 1 presents
the compositions of interest. V, Ti, and Mg powders are cost-effective and commercially
available; thus, their adoption represents a cost-effective approach to designing LPBF-
processible Al 7xxx alloys. The total amount of alloying elements was set to <4 wt.% to
avoid significant compositional deviation. Tan et al. [33] showed that the addition of 1 wt.%
Ti to A1 7075 promoted in situ formation of L1,-Al3Ti, which refined the grains. Thus, 1 wt.%
V and 1 wt.% Ti were adopted to ensure comparable nucleant densities, adequate dispersion
within LPBF melt pools, and to assess the combined effect of Al3V and Al;Ti nucleants on
grain refinement. Also, previous studies have shown that modest Mg additions (~1-2 wt.%)
in Al 7075 improve melt stability, porosity reduction, and densification during AM [71,72].
Thus, 0-2 wt.% Mg was adopted to characterize the effect of increasing Mg content on the
formation T and fs of the Al;Mg3;Znj3 eutectic toward the end of solidification.

Table 1. Compositions of interest.

Composition Al 7075 Alloy (wt.%) V (wt.%) Mg (wt.%) Ti (wt.%)

1 100%

Balance
Balance
Balance
Balance
Balance
Balance

NGk W
[EE T
N =

v

—_
_

2.3. Materials

Feedstock materials included a high-strength Al 7075 alloy plate of dimensions
304.8 mm x 304.8 mm x 9.52 mm (McMaster-Carr, Atlanta, GA, USA); spherical Al 7075
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alloy powder of particle sizes of 10-50 pm (American Elements, Los Angeles, CA, USA)
(Table 2 shows the alloy’s elemental composition); titanium, magnesium, and vanadium
powders of 99.8%, 99.5%, and 99.5% purity values and particle sizes of <44 um, respec-
tively (Fisher Scientific, part of Thermo Fisher Scientific Inc., Waltham, MA, USA); sodium
fluoride powder and sodium hydroxide pellets (MilliporeSigma, Burlington, MA, USA);
Weck’s reagent (Reagents: A Part of TCP Analytical, Belmont, NC, USA).

Table 2. Composition of spherical Al 7075 alloy.

Elements

Al Ti Zn Cr Mg Mn Cu Fe Si

Composition (wt.%)

Balance 0.01 5.35 0.19 2.62 0.01 1.61 0.07 0.05

2.4. Sample Preparation

Pure spherical Al 7075 alloy, Ti, Mg, and V powder samples were measured in the
correct proportions according to the compositions of interest (Table 1) using a Mettler
Toledo XP105 analytical balance (Mettler Toledo, Columbus, OH, USA). Next, the samples
were mixed for 10 h in an MSK-SFM-3 Desktop High-speed Vibrating Ball Mill Mixer (MTI
Corporation, Richmond, CA, USA) to ensure the homogenous distribution of the alloying
powder particles on the Al 7075 alloy powder surface. For the LPBF experiments, several
square substrates of 20 mm x 20 mm x 8 mm were cut from the high-strength Al 7075
alloy plate using a MAXIEM 1515 Abrasive Waterjet equipment (OMAX, Kent, WA, USA).

2.5. LPBF Experiments

LPBF-processed cuboid specimens of 10.5 mm X 9 mm X 5 mm were fabricated
from the uniformly mixed compositions of interest using a custom-built LPBF machine
(Metal Additive Manufacturing Laboratory, Louisiana State University, Baton Rouge, LA,
USA) under a flowing argon atmosphere. The custom-built machine, which was designed
and assembled by Wen et al. [73,74], is equipped with a ytterbium fiber laser of 1070 nm
wavelength and in the continuous mode (IPG model: YLR-200-AC-Y11; IPG Photonics,
Marlborough, MA, USA), a D25 (25-mm diameter) Collimator (IPG Photonics, Marlbor-
ough, MA, USA), a ProSeries II scan head (Cambridge Technology Inc., Bedford, MA,
USA), which is controlled by ScanMaster software (Version: A Draft 2014; Cambridge
Technology Inc., Bedford, MA, USA), and a Jenoptik F-theta lens with flange focus length
of 445.8 mm and minimum spot size of 46 pm (Jenoptik Optical Systems, LLC, Jupiter,
FL, AL, USA). The detailed preparation, setup, and operational procedures for the ma-
chine have been described in Refs [73,74]. The samples were printed at a laser power P
of 168 W, which is the maximum power of the equipment. Average literature-obtained
process parameter values for processing Al 7075 alloys are laser power P of 330-350 W,
scan speed v of 800~1400 mm-s~ !, hatch spacing h of 0.05-0.17 mm, and layer thickness ¢
of 0.03-0.05 mm [33,36,47,56-58,75-78]. Thus, hatch spacing h and layer thickness t values

of 0.07 and 0.05 mm were used herein. Furthermore, a scan speed v of 500 mm-s~1

was
used, which was obtained by relating the volumetric energy density (VED) of the average
literature-obtained laser process parameters to the maximum laser power of the equip-
ment. Then, the corresponding speed was calculated using Equation 4, where P is the laser
power (W), v is the scanning speed (mm-s~1), h is the hatch spacing (mm), and ¢ is the
layer thickness. A simple ‘back-and-forth scanning strategy’ was used without rotation

across layers.

VED = —— =~ @



Materials 2025, 18, 5089

7 of 40

2.6. Microstructural Characterization

The cross-sectional surfaces (parallel to the build direction) of the cuboid specimens
were ground using silicon carbide paper of grit sizes US 240, 320, 400, 600, and 1200,
respectively, and were polished to a mirror finish using Microcloth PSA 12 inches (Diamond
size: 5-0.02 pum), colloidal silica, and an Allied M-Prep Manual Grinder/Polisher Machine
(Allied High Tech Products, Cerritos, CA, USA). Next, the samples were etched via a
two-step method: first, a pre-etch step by immersing in caustic sodium fluoride (93 mL of
deionized water + 2 g NaOH + 5 g NaF) for 5 min. Afterward, the samples were rinsed
in deionized water and ethanol, respectively. Second, the coloring step was actualized by
immersing the samples in Weck’s reagent for 30 s. Afterward, the samples were rinsed in
deionized water and ethanol and left to dry at room temperature (22 °C).

The morphologies of the etched samples were investigated using SEM (Thermo Sci-
entific Scios 2 Dual Beam SEM and Focused Ion Beam with Thermo Scientific UltraDry
Energy-Dispersive Spectrometry (Pathfinder 2.8 X-ray Microanalysis software), Waltham,
MA, USA). EDS (PathFinder X-ray Micro Analysis, Thermo Scientific Scios 2 Dual Beam
SEM, and Focused Ion Beam with Thermo Scientific UltraDry Energy-Dispersive Spectrom-
etry, Waltham, MA, USA) was used to obtain the spectra, quantitative elemental composi-
tions, grayscale images, and the elemental mappings of the samples. Three-dimensional
visualizations for determining the size and distribution of internal cracks/pores within as-
printed specimens were conducted using a ThermoFisher HeliScan X-ray micro-CT system
(Waltham, MA, USA). Cuboid samples of average dimensions of ~8 mm x 7 mm X 4 mm
of the compositions of interest were examined using X-ray micro-CT. The generated data
were reconstructed, and the Z-stacked generated images were analyzed using Avizo 2022.2
software. Finally, XRD examinations were performed on a PANalytical Empyrean system
(Boulder, CO, USA) with Cu K« radiation to analyze the phases of the compositions of
interest. Symmetric /26 scans were conducted in the angular range of 20°-120° 26, using
a continuous scanning strategy and a scanning step size of 0.013°.

3. Results and Discussion
3.1. CALPHAD-Based Alloy Design Analysis for LPBF Using Solidification Indices

Figures 1 and A1-A6 present the T—fs curves of the compositions of interest from the
liquidus temperature (Tiquidus) at fs = 0 to the end of the solidification process, where
fs =1, and the legends display the respective phases that form from Tpiquidus to the end of
the Scheil simulation. Figure 2 compares the T—fs curves of the compositions of interest
from f5 =0 to fg = 1, and Figures 3 and 4 compare the T-fs and T-£-> curves of the compo-
sitions of interest at the initial and final stages of solidification, respectively. Additionally,
Tables 3 and Al present the various solidification indices obtained from these T-fs curves.

Table 3. Summary of solidification indices obtained using classic Scheil simulation of CALPHAD.

- TLiquidus T (Start of FCC Al Initial Freezing _ o P o o
Composition CSsC (‘?C) Formation; °C) Range (°C) T(fs=095°C T(g=1°C TCR(CC HSI(CQ)
1 0.419 659.58 634.97 @ fg = ~0.00333 24.61 469.11 459.64 9.47 279.29
2 0.353 837.54 633.55 @ fs = ~0.0335 203.99 469.05 459.65 9.40 263.25
3 0.172 843.73 62799 @ fs = ~0.0335 215.74 472.57 472.05 0.52 38.55
4 0.167 849.95 622.37 @ fs = ~0.0338 227.58 472.95 472.56 0.39 15.09
5 0.315 952.87 635.46 @ fs = ~0.0515 317.41 469.01 466.30 2.71 253.80
6 0.159 959.56 629.52 @ fs = ~0.0519 330.04 472.58 472.09 0.49 20.26
7 0.156 966.27 623.51 @ fg = ~0.0528 342.76 472.90 472.52 0.38 14.92
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Figure 1. T-fg curve of Composition 1 (Al 7075 alloy).
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Figure 2. T-fg curves of Al 7xxx alloys from fg =0 to fg = 1.
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Figure 3. T—fg curves of Al 7xxx alloys from fs = 0 to fg = 0.1.
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Figure 4. T- fg‘S curves of Al 7xxx alloys near fg'5 =1

Two portions of the T—fg curves are important: the initial solidification stage (fs < 0.1)
and the final solidification stage, which extends up to the end of solidification when fs = 1.
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Figures 1 and A1-A6 show that the initial and final stages of solidification change with the
addition of the alloying elements, respectively. For Composition 1, the FCC-Al phase began
forming immediately below T quidus = 659.58 °C at T = 634.97 °C and fs = ~0.00333, with a
minute initial freezing range of 24.61 °C (Figure 3 and Table 3), indicating that there were
few dispersoids (due to the default alloying elements) to promote HN of Al grains. HN
is vital for enabling printability—heterogeneity synergy. However, for Compositions 2-7,
due to the introduced grain-refining elements, the primary dispersoids solidified first
from T iquidus to the start of FCC-Al formation, with an increased initial freezing range
(Figure 3 and Table 3), thereby providing potent primary particles upon which the HN
of the Al grains will occur. The HN of Al grains upon the dispersoids probably formed
AlzV and/or Al3Ti phases, thereby refining the grains. For Compositions 2—4, which
have 1 wt.% V addition, the FCC-Al phase began forming at fg = ~0.0335-0.0338, whereas
for Compositions 5-7, which have 1 wt.% V and 1 wt.% Ti additions, the FCC-Al phase
began forming at fg = ~0.0515-0.0528 (Figure 3). This discrepancy is probably because the
combination of 1 wt.% V and 1 wt.% Ti has a more pronounced grain-refining effect than
1 wt.% V. These behavioral characteristics that were observed with the addition of 1 wt.%
V and 1 wt.% Ti align with several LPBF experimental observations. Tan et al. [33] and Li
et al. [47] reported that adding 1 wt.% Ti and 4 wt.% Ti-6Al-4V alloy powders refined Al-
7075 grains and eliminated cracks through the in situ formation of Al3Ti and Als(Tix,V1_x)
phases, respectively. Similarly, Yu et al. [77], Martin et al. [36], and Li et al. [58] showed that
the addition of 1 wt.% Zr, hydrogen-stabilized Zr particles, and 1 wt.% Zr produced Al;Zr
particles that promoted equiaxed grain growth and crack resistance, respectively. In the
study by Choe et al. [79], ZrH, particles were introduced into Al-7075 powder, decomposing
during LPBF to form Al3Zr in situ, which acted as potent nucleants that stimulated CET,
increased the equiaxed-grain fraction, and suppressed crack initiation. Zhang et al. [76] also
found that 2 wt.% Er additions reduced crack density via Al3Er-induced grain refinement
but increased porosity due to deteriorated melt-pool fluidity. Yang et al. [80] achieved
dense, crack-free Al-7075 by incorporating 5 wt.% Zrso 7—Cups—Alj2 3-Nig metallic-glass
powders that formed AlzZr and nanosized amorphous particles, resulting in strong grain
refinement and improved mechanical properties. Overall, these findings corroborate the
present simulation results, confirming that alloy compositions promoting early dispersoid
formation—such as Al3V, Al3Ti, or Al3Zr— in the early solidification stage enhance HN
and grain refinement in LPBF-processed Al 7xxx alloys. The CALPHAD-predicted increase
in initial freezing range and steeper T—fs slope at fg < 0.1 for Compositions 2-7 is therefore
consistent with experimentally verified CET promotion mechanisms.

As explained by Mishra et al. [35], a typical T-fs curve of an alloy with good printabil-
ity should give an appearance of the letter “L,” where the nonhorizontal and horizontal
lines represent the formations of primary dispersoids at the initial stage and eutectics at
the terminal stage of solidification, respectively. A steeper nonhorizontal line (indicating a
high formation rate of a constitutionally undercooled zone) and a longer nonhorizontal
line (indicating a wider initial freezing range) are beneficial for improving printability, as
evident in Compositions 2-7, which have been explicated above. Also, a longer horizontal
line aided by the formation of a terminal eutectic (as indicated by the solidification path)
would mean a lower HCS of the terminal stage.

Concerning the final solidification stage, relative to other alloys, Composition 1 exhib-
ited high HSI and Tcr values of 279.29 °C and 9.47 °C, respectively, and a wider temperature
range at the end of solidification (Table 3). This trend occurred because the end of the
solidification process was characterized by the solidification of different phases at different
temperatures (Table A2), such as the eutectic T phase (Al;Mg3Zn3) at T = 471.08 °C and
fs =~0.9180, Al;CuyFe at T =470.59 °C and fs =0.9184, S phase (Al,CuMg) at T = 470.57 °C
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and fs =0.9192, and V phase ((Al, Zn)5(Zn, Cu)s(Mg);)) at T = 462.21 °C and fs = 0.9850,
after the solidification of the AlI=—MgySi eutectic at T = 503.07 °C and fs = 0.8977, which
steepened the slope of the curve during the final solidification stage (Figure 4). Even with
the addition of alloying elements, Compositions 2 and 5 displayed similar trends (Table A2).
Consequently, Compositions 2 and 5 were characterized by HSI values of 263.25 °C and
253.80 °C and Tcr values of 9.40 °C and 2.71 °C, respectively. These improvements com-
pared to Composition 1 are attributed to the alloying elements of V in Composition 2 and
V and Ti in Composition 5. However, as the Mg content increased in Compositions 3, 4, 6,
and 7, only the T phase (Al,MgsZn;3) solidified up to fs = 1 after the solidification of the
Al—-Mg;Si eutectic, which favored cracking resistance. Consequently, these alloys exhib-
ited relatively low HSI and TR (Table 3). Thus, it can be concluded that the addition of Mg
favored the solidification of the desired T phase (Al;MgzZn3) eutectic as early as possible
up to the end of solidification. Besides, Table A2 indicates that as the Mg content increased,
the temperatures for the formation of the terminal T phase (Al,MgsZn3) eutectic increased.
However, herein, the maximum Mg addition was restricted to 2 wt.% to prevent significant
compositional variation. These results agree with earlier LPBF findings where Si additions
improved terminal solidification and crack resistance. Montero Sistiaga et al. [75] and
Otani et al. [56,57] reported that adding 4-5 wt.% Si refined grains, enhanced melt fluidity,
and promoted Al-Si eutectic formation, which reduced microcracks and increased density.
Likewise, Aversa et al. [78] mixed Al-5i10-Mg and Al 7075 (Al-Zn-Mg—Cu) alloy powders
to obtain a new composition of 50% Al 7075 (Al-Si-Zn-Mg—Cu) alloy and observed that Si
enrichment narrowed the solidification range and minimized thermal stresses. Meanwhile,
Lietal. [58] added 2.9 wt.% Si and 1 wt.% Zr to Al-Zn-Mg-Cu and showed that combining
Si and Zr generated Si-rich eutectics and AlzZr phases that filled intergranular cracks and
refined grains. In contrast to Li et al. [47] who added 4 wt.% Ti-6A1-4V alloy to A17075 alloy
and eliminated hot cracking through grain refinement by the formation of Alz(Tix,V1_)
nucleants, our results achieve similar refinement and crack resistance at lower additive
levels (1 wt.%V and 1 wt.% Ti) and further enhances terminal eutectic feeding through
Mg enrichment (1-2 wt.%), indicating a more compositionally efficient strategy for LPBF
processability. These observations support our results, where increased Mg promoted the
formation of a single terminal T-phase (Al;Mg3Zn3) eutectic, lowered the HSI and Tcr
values, and improved cracking resistance during the final solidification stage.

Table 3 presents the CSC values of the compositions of interest. The CSC values
decreased with the addition of the alloying elements, with the increase in the Mg con-
tent having the most effect in decreasing the solidification time during which the alloy
is vulnerable to cracking. Therefore, the alloying elements introduced to the Al 7075
alloy are effective in enhancing the crack resistance of the alloy, as revealed by several
solidification indices.

3.2. SEM Analysis

Figure 5 presents the morphology of the uniformly mixed powder samples of the com-
positions of interest. Compared to Figure 5a, Figure 5b—g reveal the uniform distribution of
the Ti, V, and /or Mg particles on the Al 7075 alloy particles.

Figure 6a shows the orientation of the LPBF-processed cuboid-shaped Al 7xxx alloy
sample on the Al 7075 alloy substrate. Figure 6b reveals that the build direction (height of
the cuboid) is along the z-axis, away from the substrate’s top horizontal surface, whereas
the longest side of the cuboid is along the x-axis.
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Figure 5. Morphology of powder samples of Compositions (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, and (g) 7.
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(b)

Build direction

Figure 6. (a) LPBF-processed Al 7xxx alloy sample on the designed Al 7075 alloy substrate. (b) Di-
mensions of the cuboid-shaped sample.

For the SEM characterization, each composition was examined on the same build-
direction cross-section (y—z plane) at identical magnifications and etching conditions. Multi-
ple representative regions were inspected to ensure consistency of observed microstructural
features such as grain morphology, cracks, and pores. Figure 7 shows the SEM images of
the mirror-polished cross-sections (y—z plane; Figure 6b) of the LPBF-fabricated samples at
a 500-um length scale. Defects, such as micropores and microcracks, are observed. A high
laser power is required to favorably wet the melt pool, which explains the residual defects
observed herein [58]. Figure 7a shows significant cracks and pores in the microstructure of
Composition 1 (Al 7075 alloy), probably attributed to the volumetric solidification shrink-
age and thermal contraction as a result of the unavailability of sufficient liquid during the
final solidification stage [32]. The microstructure comprised bright and dark regions, which
are altered with the addition of alloying elements. Figure 7b—g reveal the reduction in
cracks due to microstructural refinement with the addition of the alloying elements. For
Composition 2 (Al 7075 + 1 wt.% V), the dark and bright regions were slightly altered, with
a reduction in the crack density. For Composition 3 (Al 7075 + 1 wt.% V + 1 wt.% Mg) and
Composition 4 (A1 7075 + 1 wt.% V + 2 wt.% Mg), further microstructural refinement was
observed, with few cracks and pores. Surprisingly, several irregular and spherical pores
were observed in Composition 5 (Al 7075 alloy + 1 wt.% Ti + 1 wt.% V). For Composition 6
(A17075 alloy +1 wt.% Ti + 1 wt.% V + 1 wt.% Mg), cracks and pores were visible, which
were suppressed by further increasing the Mg content. Also, while Ti and/or V caused
microstructural refinement, an increase in the Mg content further suppressed the cracks
due to the ES effect at the end of the solidification process, which confirmed the CALPHAD-
based alloy design results. The observed cracks are parallel to the build direction, which
is consistent with that observed in other LPBF-processed 2xxx, 6xxx, and 7xxx series Al
alloys [36,47,81]. The reduction in crack density in Compositions 2 and 5 compared to
Composition 1 can be attributed to grain refinement, which suppressed the formation and
growth of crack-susceptible columnar grains [47]. In contrast, the reduction in crack density
in Compositions 3, 4, 6, and 7 relative to Composition 1 can be ascribed to the combined
effects of grain refinement and ES behavior at the terminal stage, which improved liquid
feeding and fluidity while narrowing the final solidification range [75,78]. Although it is
challenging to identify the most microstructurally refined alloy because of the residual
pores and cracks resulting from the limited 168-W laser power—below the levels typically
required for processing Al alloys—and the lack of process parameter optimization, the
SEM results indicate that the alloying additions employed here are promising and provide
a valuable baseline for future studies involving process parameter optimization.
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Figure 7. SEM images of the mirror-polished cross-sections (y—z plane) of Compositions (a) 1, (b) 2,
(c)3,(d) 4, (e)5, (f)6,and (g) 7.
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Figure 8 compares the SEM images of the etched cross-sections (y—z plane) of the
LPBF-processed samples at a 50-um length scale, which highlights the grain morphologies
of the samples, including that of conventionally fabricated Al 7075 alloy. Compared to
Composition 1, Compositions 2-7 presented fine microstructures with equiaxed grains and
clearly outlined grain boundaries similar to those of conventionally fabricated Al 7075 alloy.
Also, white aluminum oxide particles were dispersed on the grains and grain boundaries
of all compositions. Figures A7-A14 show the SEM images of the etched cross-sections
(y—z plane) of the LPBF-fabricated samples and conventionally fabricated Al 7075 alloy at
varying length scales of 10-50 um, with increments of 10 pm. For Composition 1, columnar
grains were observed (Figures 8a and A7) in the etched microstructure, and an avalanche
of interconnected dark-colored pores formed long cracks. Decreasing the length scale
(Figure A7) further revealed the numerous pores within the microstructure. This trend
explains the increased material removal rate observed during metallographic preparations.
Figures A8-A13 clearly show the etched microstructures of Compositions 2-7, respectively.
With the addition of the alloying elements, microstructural refinements in the form of
CET were observed (Figures 8 and A8-A13), with the grain boundaries clearly outlined,
similar to the visibly outlined equiaxed grains of conventionally fabricated Al 7075 alloy
(Figure A14).

The addition of V in Compositions 2 and 5 caused the formation of Al;V, whereas
the addition of V and Ti in Compositions 3, 4, 6, and 7 led to the formation of Al3V and
Al3Ti. These L1, primary trialuminides with small sizes and high densities are uniformly
distributed all around the matrices of Compositions 2-7 (Figures A15-A26). They facilitate
the formation of fine, crack-resistant equiaxed grains and limit the growth of large columnar
grains. They act as ideal nuclei for the primary face-centered cubic (FCC) Al phase because
of their structural similarity to the FCC Al phase [35] and exert strong pinning effects on
the grain boundaries, thereby limiting their movement and grain growth, leading to the
grain refinement [58]. The grain refinement increases the grain boundaries per unit volume,
which largely decreases the thickness of the residual liquid film at the final solidification
stage, thereby decreasing the initiation and propagation of cracks [58]. Similar grain
refinement effects have been reported for LPBF-processed Al 7xxx alloys due to the in situ
formation of Al3Ti, Al3(Tix,V1_x), Al3Zr, and AlzEr [33,36,47,58,76,77,79,80]. The addition
of Mg in Compositions 3, 4, 6, and 7 induced the formation of Mg-rich eutectics, which
decreased the crack sensitivity and improved the fluidity at the final solidification stage. A
similar outcome was reported by Li et al. [58] for Al 7xxx alloys by adding 2.9 wt.% Si. It is
assumed that a high laser power will favor the formation of more Mg-rich eutectics due to
the relatively higher temperature generated by the increased laser power, which will reduce
the number of defects. Similar eutectic effects have been reported for LPBF-processed
Al 7xxx alloys due to additions of Si [56-58,75,78]. Thus, the grain refinement due to the
addition of V and/or Ti and the eutectic formation by the addition of Mg synergistically
inhibited /reduced the formation of hot cracks during the LPBF process. Li et al. [58]
reported a similar synergistic effect for Al 7xxx alloys by adding 2.9 wt.% Si and 1 wt.% Zr.
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Figure 8. SEM images of the etched cross-sections (y-z plane) of Compositions (a) 1, (b) 2, (c) 3, (d) 4,
(e) 5, (f) 6, (g) 7, and (h) side perpendicular to the extrusion direction for extruded Al 7075 alloy.

3.3. EDS Analysis

EDS spectra and elemental mappings were acquired from multiple representative
regions per composition under identical beam and detector settings to confirm compo-
sitional uniformity. This approach minimized local variability and ensured consistent
semi-quantitative analysis across all samples. Figures 9, 10 and A15-A26 present the spec-
tra, quantitative elemental analysis, and elemental mappings of Compositions 1-7. The
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SEM images used for the spectral analysis of Compositions 1-7 displayed white-colored
aluminum oxide phases in the samples. This trend is probably because aluminum is easily
oxidized. Also, the corresponding quantitative elemental mappings of Compositions 1-7
displayed a significant amount of oxygen in the samples. Additionally, the elemental map-
pings of Compositions 1-7 indicated that the alloying elements were uniformly distributed
in the samples. Figure 9a also shows the columnar grains of Composition 1 as described
in the SEM study, whereas Figures A15, A17, A19, A21, A23 and A25 reveal the equiaxed
grains of the refined microstructures due to CET.

Full scale counts: 9521 Spectrum of composition 1(2) Cursor:  10.240 keV
Integral Counts: 239862 14 Counts
10K | gr Element ‘Weight (%) Atom (%)
Al (b) 0 44.47 60.73
Mg 4.71 429
8K—
Al 37.59 30.44
Cr 0.94 0.40
6K Cu 5.21 1.79
Zn Zn 7.02 235
Mg Total 100.00 100.00
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Figure 9. (a) SEM image of the etched cross-section (y—z plane) of Composition 1 (Al 7075 alloy) and
(b) the corresponding EDS spectrum with quantified elemental composition.
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Figure 10. Elemental mapping of Composition 1 (Al 7075 alloy).
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3.4. X-Ray Micro-CT Analysis

Table 4 presents the summary statistics of the X-ray micro-CT results. Each X-ray
micro-CT scan encompassed the full printed specimen volume, eliminating sampling
bias. Reported metrics (mean pore size, total pore volume, and pore-volume-to-sample-
volume ratios) therefore represent complete volumetric measurements. To understand
the results here, it would be necessary to view the as-printed samples in three categories:
Category 1, which represents Al 7075 alloy (Composition 1); Category 2, which represents
Category 1 + grain refiners, such as V and/or Ti, (i.e., Compositions 2 and 5); Category
3, which represents Category 2 + an ES enhancer, such as Mg (i.e., Compositions 3, 4, 6,
and 7). The volume of pores in the as-printed samples ranged from 0 to 10! nm?, and
the mean pore volumes of the as-printed samples were in the order of 107> mm?>. For
Category 2, the mean pore volume decreased and increased for Compositions 2 and 5,
respectively, compared to Composition 1. For Category 3, the mean pore volume increased
significantly as the Mg content increased. Also, Table 4 presents the percentage porosity
decrement of the as-printed samples compared to Composition 1, indicating improved
porosity reduction in Compositions 2-7. Since the tested samples varied in volume due
to metallographic processing challenges, the percentage porosity decrement with respect
to Composition 1 was obtained by calculating the ratio of the volume of pores to the total
volume of each sample. This result signifies that the addition of grain refiners and an ES
enhancer, as adopted in this study, is satisfactory in reducing/eliminating cracks and pores
in LPBF-processed Al 7xxx alloys. Despite the ~7%—-28% porosity reduction observed in
the as-printed Compositions 2-7 compared to Composition 1, pores were still present in
Compositions 2-7 due to the process parameters adopted in this study. The samples were
printed at a laser power Pr, of 168 W, which is the maximum power of the custom-built
SLM equipment, and a scan speed V. of 500 mm-s~!. Achieving denser parts in future
studies will require high laser power Pr, of 300-350 W to ensure complete powder melting,
addressing the challenges posed by the high reflectivity and thermal conductivity of Al
alloys. Also, future research will require optimizing the LPBF parameters with substrate
preheating and modification to eliminate defects. Nevertheless, the results presented here
provide a critical baseline for optimizing process parameters in subsequent studies to
enhance the quality of LPBF-processed Al alloy components.

Table 4. Summary statistics of X-ray micro-CT results.

M . Volume Total Volume of Ratio of Pore Porosity Decrement
. ean Pore Size .
Composition (10-5 mm?) of Sample Pores in the Volume to Compared to
(mm?) Sample (mm?®)  Sample Volume  Composition 1 (%)
1 1.48 60.94 £+ 3.81 6.86 0.113 £ 0.0071 -
2 0.15 330.71 £ 4.17 27.18 0.0822 £+ 0.0010 27.11
3 0.11 332.11 +£3.29 26.98 0.0813 £ 0.0008 27.84
4 4.16 183.80 £ 3.11 13.53 0.0736 £ 0.0012 34.62
5 7.39 383.31 + 5.34 38.03 0.0992 + 0.0014 11.88
6 0.14 37525 +5.19 39.66 0.1057 £ 0.0015 6.14
7 4.63 143.07 £ 4.28 14.85 0.1038 + 0.0031 7.81

3.5. XRD Analysis

Figure 11 shows the XRD 6/26 results of the LPBF-processed samples (Compositions
1-7). Each XRD measurement was performed on the entire x— plane of the as-built
sample using identical scan parameters, ensuring reproducible phase identification and
minimizing alignment or orientation-related errors. For all samples, the (111), (200), (220),
(311), and (222) main crystallographic orientations of aluminum were observed, with the
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(111) and (200) crystallographic orientations having the highest intensities in decreasing
order. Figures 12 and 13 show other phase constituents of the as-printed samples, indicating
that Al,CuMg and MgZn; phases were present in all as-printed samples. The Al;V phase
was present in Compositions 2-7, and the Al3Ti phase appeared in Compositions 5-7,
respectively. The detected Al3V and Al3Ti phases confirmed the results of the CALPHAD-
based alloy design (Section 3.1) and the microstructural refinement observed in the SEM
results (Section 3.2). These well-dispersed V and Ti particles act as HN sites to induce
significant grain refinement due to the small lattice misfit with the Al matrix. This trend is
consistent with prior LPBF studies showing that Ti-based inoculants (e.g., Ti and Ti/TiN
nanoparticles) resulted in grain refinement [38,54]. The structures of the Al3Ti and Al3V
phases are FCC L1,, with lattice parameters of 3.967 and 3.870 A, corresponding to —2.04%
and —4.44% misfit with Al, respectively [35].

——Al7075
——Al7075+1Wt.% V
Al A17075+1Wt.% V + 1 wt.% Mg
a1y A17075+ 1 Wt.% V + 2 wt.% Mg
———Al7075+1wt.% V + 1 wt.% Ti
~——Al17075 + 1 wt.% V + 1 wt.% Ti + 1 wt.% Mg
A1 7075+ 1 Wt.% V + 1 wt.% Ti + 2 wt.% Mg

20 25 30 35 40 45 50 55 60 65 70 75 80 8 90
Angle (20)

Figure 11. XRD spectra of the as-built samples from 20° to 90°.

——Al 7075
——Al7075 +1Wt.% V
Al Al17075 + 1 wWt.% V + 1 wt.% Mg
aim Al7075+ 1 wt.% V + 2 wt.% Mg
———Al7075 + 1 Wt.% V + 1 wt.% Ti
~———Al17075 + 1 Wt.% V + 1 wt.% Ti + 1 wt.% Mg
———Al7075+1wt.% V + 1 wt.% Ti+ 2 wt.% Mg

Al
(200)

—=

35 36 37 38 39 40 41 42 43 44 45 46 47 48
Angle (26)

ALV
(111)

MgZn, MgZn,
(112) (201)

Figure 12. XRD spectra of the as-built samples from 35° to 48°.
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——— A1 7075 alloy
——Al7075+1Wt.% V

Al7075 +1wt.% V + 1 wt.% Mg

Al17075 + 1 wt.% V + 2 wt.% Mg
———Al7075 + 1 Wt.% V + 1 wt.% Ti
~=Al7075 + 1 Wt.% V + 1 wt.% Ti+ 1 wt.% Mg
———Al7075 + 1 wt.% V + 1 wt.% Ti + 2 wt.% Mg

(220) Al,CuMg
(311)

I

62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
Angle (20)

Figure 13. XRD spectra of the as-built samples from 60° to 90°.

4. Conclusions

In this study, using an integrated computational and experimental framework, the

synergy of grain refinement and ES was employed to address the hot cracking and porosity

issues in LPBF-processed Al 7075 alloy due to rapid solidification without significant

compositional alteration and to enable printability-heterogeneity. The main conclusions of

this study can be summarized as follows:

1.

By adding grain refiners (V and Ti) and an ES enhancer (Mg) to Al 7075 alloy, the
compositions of interest were developed using CALPHAD and categorized into three
as follows: Category 1 (Composition 1 = Al 7075), Category 2 (Composition 2 = Al
7075 + 1 wt.% V and Composition 5 = A1 7075 + 1 wt.% V + 1 wt.% Ti), and Category 3
(Composition 3 = A17075 + 1 wt.% V + 1 wt.% Mg, Composition 4 = A1 7075 + 1 wt.%
V + 2 wt.% Mg, Composition 6 = A1 7075 + 1 wt.% V + 1 wt.% Ti + 1 wt.% Mg, and
Composition 7 = A1 7075 + 1 wt.% V + 1 wt.% Ti + 2 wt.% Mg).

Unlike for Composition 1, the T—fg curves of Compositions 2-7 from fs=0to fg=0.1
revealed that the primary dispersoids (due to Vand/or Ti) solidified first from T iquidus
to the start of FCC-Al formation, with an increased freezing range. The HN of Al
grains upon the dispersoids formed Al;V and/or Al;Ti phases, thereby refining the
grains. The combined effect of 1 wt.% V and 1 wt.% Ti exceeded that of 1 wt.% V.
Composition 1 exhibited the highest HSI and Tcr values of 279.29 °C and 9.47 °C,
respectively, at the final solidification stage. Category 2 improved in HSI (~5.8%
and 9.1% decrements for Compositions 2 and 5, respectively) and Tcr (~0.74% and
71.37% decrements for Compositions 2 and 5, respectively) compared to Category 1.
As the Mg content increased in Category 3, only the T phase (Al;Mgs;Zn3) eutectic
solidified up to fg = 1 after the solidification of the Al1-—Mg5Si eutectic, which favored
cracking resistance. Consequently, Category 3 exhibited relatively low HSI (~86.2%,
94.6%, 92.7%, and 94.7% decrements for Compositions 3, 4, 6, and 7, respectively)
and TcR (~94.5%, 95.8%, 94.8%, and 96% decrements for Compositions 3, 4, 6, and 7,
respectively) values compared to Category 1. Thus, the increase in Mg content favored
the solidification of the desired T phase (Al;Mg3;Zn;3) eutectic as early as possible up
to the end of solidification.
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4.  Composition 1 exhibited the highest CSC value of 0.419. Category 2 improved in CSC
(~15.8% and 24.8% decrements for Compositions 2 and 5, respectively) compared to
Category 1. As the Mg content increased in Category 3, further improvements in CSC
were observed (~58.9%, 60.1%, 62.1%, and 62.8% decrements for Compositions 3, 4, 6,
and 7, respectively) compared to Category 1. Thus, the addition of Mg significantly
reduced the time during which the sample is vulnerable to cracking.

5. The SEM results revealed the crack reduction in the as-printed Compositions 2-7
compared to Composition 1 due to microstructural refinement and liquid availability
during the final solidification stages. Also, while Ti and/or V caused microstructural
refinement, an increase in the Mg content in Category 3 further suppressed the cracks
due to the ES effect at the end of the solidification process, which corroborated the
CALPHAD-based alloy design results using solidification indices. However, residual
cracks and/or pores were observed in all the samples due to the lack of process
parameter optimization.

6.  The SEM results of the etched cross-sections (y—z plane) of the LPBF-fabricated sam-
ples revealed that columnar grains and an avalanche of interconnected dark-colored
pores that formed long cracks were present in Composition 1. For Compositions
2-7, microstructural refinements in the form of CET were observed, with the grain
boundaries clearly outlined, similar to that of conventionally fabricated Al 7075 alloy.

7. The EDS results confirmed that the alloying elements were uniformly distributed in
the as-printed samples and that aluminum oxide was present in all as-printed samples.

8.  The X-ray micro-CT results revealed that in terms of percentage porosity decrement
of the as-printed samples compared to Composition 1, Compositions 2-7 exhibited
~7-28% improvement in porosity reduction. However, pores were still present in
Compositions 2-7 due to the adopted 168-W laser power. These results will serve as a
critical baseline for improved studies using high laser power suitable for Al alloys.

9.  Finally, the XRD results revealed that the Al3V phase was observed in Compositions
2-7, and the Al3Ti phase was observed in Compositions 5-7, confirming the results of
the CALPHAD-based alloy design and SEM results.

10.  Future work will require optimizing the LPBF parameters with substrate preheating
and modification to eliminate defects. In parallel, mechanical-property characteriza-
tion and precipitation-hardening heat treatment optimization should be conducted to
establish process—structure—property links.
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Abbreviations

The following abbreviations are used in this manuscript:

AM Additive manufacturing
CALPHAD Calculation of Phase Diagrams
CET Columnar-to-equiaxed transition
CsC Cracking susceptibility coefficient
EDX Energy-dispersive X-ray spectroscopy
ES Eutectic solidification

FCC Face-centered cubic

HCS Hot cracking susceptibility

HN Heterogenous nucleation

HSI Hot susceptibility index

LPBF Laser powder bed fusion
Micro-CT Micro-computed tomography
SEM Scanning electron microscopy
SLM Selective laser melting

VED Volumetric energy density

XRD X-ray diffraction

Appendix A

Appendix A.1. CALPHAD-Based Alloy Design Results
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Figure A1l. T-fg curve of Composition 2 (Al 7075 + 1 wt.% V alloy).
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Figure A2. T—fg curve of Composition 3 (A1 7075 + 1 wt.% V + 1 wt.% Mg alloy).
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Figure A3. T-fg curve of Composition 4 (Al 7075 + 1 wt.% V + 2 wt.% Mg alloy).
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Figure A4. T-fg curve of Composition 5 (A1 7075 + 1 wt.% V + 1 wt.% Ti alloy).
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Figure A5. T-fg curve of Composition 6 (A1 7075 + 1 wt.% V + 1 wt.% Ti. + 1 wt.% Mg alloy).
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Figure A6. T—fs curve of Composition 7 (A1 7075 + 1 wt.% V + 1 wt.% Ti. + 2 wt.% Mg alloy).

Table A1l. Solidus and liquidus temperatures and freezing ranges of the compositions of interest.

Composition Tsolidus (CO) TLiquidus °C) Freezing Range (°C)
1 494.06 659.58 165.52
2 483.73 837.54 353.82
3 478.09 843.73 365.63
4 473.03 849.95 376.91
5 483.21 952.87 469.68
6 477.74 959.56 481.82
7 472.85 966.27 49343
Table A2. Phases present at the final stage of solidification.
. T Phase V Phase ((Al,
Composition AlE_;tl:([:tgiZCSI (Al;Mg3Zn3) Al;CuyFe ( Asl Igl?;; ) Zn)5(Zn,
Eutectic 2-uVE Cu)s(Mg),))
1 T =503.07 °C T =471.08 °C T =470.59 °C T =470.57 °C T=462.21°C
fs =0.8977 fs =0.9180 fg=0.9184 fs=0.9192 fs =0.9850
” T =503.65 °C T =470.86 °C T =470.54 °C T =470.51°C T =462.03 °C
fs =0.8955 fs =0.9166 fs=0919% fs =0.9204 fs =0.9850
T =503.61 °C T =473.32°C
3 fs=0.8674 fs=0.8924 N/A N/A N/A
T =502.51°C T =474.28 °C
4 fs =0.8387 fs =0.8674 N/A N/A N/A
5 T =502.16 °C T=471.12°C T=470.71°C T =469.94 °C T=46191°C
fs =0.8951 fs =0.9152 fs =09158 fs =0.9327 fs =0.9851
T =502.59 °C T =473.56 °C
6 fs =0.8664 fs =0.8906 N/A N/A N/A
T =501.55°C T =47452°C
7 fs=0.8373 fs =0.8651 N/A N/A N/A
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Appendix A.2. SEM Results

Figure A7. SEM images of the etched cross-section (y—z plane) of Composition 1 at (a) 50-, (b) 40-,
(c) 30-, (d) 20-, and (e) 10-um length scales.

Figure A8. Cont.
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Figure A8. SEM images of the etched cross-section (y—z plane) of Composition 2 at (a) 50-, (b) 40-,
(c) 30-, (d) 20-, and (e) 10-um length scales.

Figure A9. SEM images of the etched cross-section (y-z plane) of Composition 3 at (a) 50-, (b) 40-,
(c) 30-, (d) 20-, and (e) 10-um length scales.
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Figure A11. Cont.
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Figure A11. SEM images of the etched cross-section (y—z plane) of Composition 5 at (a) 50-, (b) 40-,
(c) 30-, (d) 20-, and (e) 10-um length scales.

Figure A12. SEM images of the etched cross-section (y—z plane) of Composition 6 at (a) 50-, (b) 40-,
(c) 30-, (d) 20-, and (e) 10-um length scales.
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Figure A13. SEM images of the etched cross-section (y—z plane) of Composition 7 at (a) 50-, (b) 40-,
(c) 30-, (d) 20-, and (e) 10-um length scales.

Figure A14. SEM images of the etched cross-section perpendicular to the extrusion direction of
conventionally fabricated Al 7075 alloy at (a) 50-, (b) 20-, and (c) 10-pum length scales.
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Appendix A.3. EDS Results

Full scale counts: 7696 Spectrum of composition 2 Cursor: 10.239 keV
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Figure A15. (a) SEM image of the etched cross-section (y—z plane) of Composition 2 (Al 7075 + 1 wt.%
V alloy) and (b) the corresponding EDS spectrum with quantified elemental composition.
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Figure A16. Elemental mapping of Composition 2 (Al 7075 + 1 wt.% V alloy).
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Figure A17. (a) SEM image of the etched cross-section (y—z plane) of Composition 3 (Al 7075 + 1 wt.%
V + 1 wt.% Mg alloy) and (b) the corresponding EDS spectrum with quantified elemental composition.
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Figure A18. Elemental mapping of Composition 3 (Al 7075 + 1 wt.% V + 1 wt.% Mg alloy).
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Figure A19. (a) SEM image of the etched cross-section (y—z plane) of Composition 4 (Al 7075 + 1 wt.%
V + 2 wt.% Mg alloy) and (b) the corresponding EDS spectrum with quantified elemental composition.
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Figure A20. Elemental mapping of Composition 4 (Al 7075 + 1 wt.% V + 2 wt.% Mg alloy).
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Figure A21. (a) SEM image of the etched cross-section (y—z plane) of Composition 5 (Al 7075 + 1 wt.%
V + 1 wt.% Ti alloy) and (b) the corresponding EDS spectrum with quantified elemental composition.
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Figure A22. Elemental mapping of Composition 5 (Al 7075 + 1 wt.% V + 1 wt.% Ti alloy).
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Figure A23. (a) SEM image of the etched cross-section (y—z plane) of Composition 6 (Al 7075 +
1wt.% V +1wt.% Ti + 1 wt.% Mg alloy) and (b) the corresponding EDS spectrum with quantified
elemental composition.

o |- |1 K _ ) —

Figure A24. Elemental mapping of Composition 6 (Al 7075 + 1 wt.% V + 1 wt.% Ti + 1 wt.% Mg alloy).
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Figure A25. (a) SEM image of the etched cross-section (y—z plane) of Composition 7 (Al 7075 +
1wt.% V +1wt.% Ti + 2 wt.% Mg alloy) and (b) the corresponding EDS spectrum with quantified

elemental composition.
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Figure A26. Elemental mapping of Composition 7 (A1 7075 + 1 wt.% V + 1 wt.% Ti + 2 wt.% Mg alloy).

References

1. Laleh, M,; Sadeghi, E.; Revilla, R.I.; Chao, Q.; Haghdadi, N.; Hughes, A.E.; Xu, W.; De Graeve, I.; Qian, M.; Gibson, I; et al. Heat
Treatment for Metal Additive Manufacturing. Prog. Mater. Sci. 2023, 133, 101051. [CrossRef]

2. DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, ] W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang,
W. Additive Manufacturing of Metallic Components—Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112-224.
[CrossRef]


https://doi.org/10.1016/j.pmatsci.2022.101051
https://doi.org/10.1016/j.pmatsci.2017.10.001

Materials 2025, 18, 5089 37 of 40

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive Manufacturing (3D Printing): A Review of Materials,
Methods, Applications and Challenges. Compos. B Eng. 2018, 143, 172-196. [CrossRef]

Sames, W].; List, FA.; Pannala, S.; Dehoff, R.R.; Babu, S.S. The Metallurgy and Processing Science of Metal Additive Manufactur-
ing. Int. Mater. Rev. 2016, 61, 315-360. [CrossRef]

Wang, X.; Xu, S.; Zhou, S.; Xu, W.; Leary, M.; Choong, P.; Qian, M.; Brandt, M.; Xie, Y. M. Topological Design and Additive
Manufacturing of Porous Metals for Bone Scaffolds and Orthopaedic Implants: A Review. Biomaterials 2016, 83, 127-141.
[CrossRef]

Korner, C. Additive Manufacturing of Metallic Components by Selective Electron Beam Melting—A Review. Int. Mater. Rev. 2016,
61, 361-377. [CrossRef]

Hettesheimer, T.; Hirzel, S.; Ro8, H.B. Energy Savings through Additive Manufacturing: An Analysis of Selective Laser Sintering
for Automotive and Aircraft Components. Energy Effic. 2018, 11, 1227-1245. [CrossRef]

Thompson, M.K.; Moroni, G.; Vaneker, T.; Fadel, G.; Campbell, R.I; Gibson, I.; Bernard, A.; Schulz, J.; Graf, P.; Ahuja, B.; et al.
Design for Additive Manufacturing: Trends, Opportunities, Considerations, and Constraints. CIRP Ann. 2016, 65, 737-760.
[CrossRef]

Wang, YM.; Voisin, T.; McKeown, J.T.; Ye, J.; Calta, N.P,; Li, Z.; Zeng, Z.; Zhang, Y.; Chen, W.; Roehling, T.T.; et al. Additively
Manufactured Hierarchical Stainless Steels with High Strength and Ductility. Nat. Mater. 2018, 17, 63-71. [CrossRef]

Sun, Z.X,; Jiang, Y.Y,; Wang, Q.B.; Owens, P.R. Geochemical Characterization of the Loess-Paleosol Sequence in Northeast China.
Geoderma 2018, 321, 127-140. [CrossRef]

Xu, W.; Brandt, M.; Sun, S.; Elambasseril, J.; Liu, Q.; Latham, K.; Xia, K.; Qian, M. Additive Manufacturing of Strong and Ductile
Ti-6Al-4V by Selective Laser Melting via in Situ Martensite Decomposition. Acta Mater. 2015, 85, 74-84. [CrossRef]
Lewandowski, ].J.; Seifi, M. Metal Additive Manufacturing: A Review of Mechanical Properties. Annu. Rev. Mater. Res. 2016, 46,
151-186. [CrossRef]

Chao, Q.; Cruz, V.; Thomas, S.; Birbilis, N.; Collins, P.; Taylor, A.; Hodgson, P.D.; Fabijanic, D. On the Enhanced Corrosion
Resistance of a Selective Laser Melted Austenitic Stainless Steel. Scr. Mater. 2017, 141, 94-98. [CrossRef]

Laleh, M.; Hughes, A.E.; Xu, W.; Haghdadi, N.; Wang, K.; Cizek, P.; Gibson, L; Tan, M.Y. On the Unusual Intergranular Corrosion
Resistance of 316L Stainless Steel Additively Manufactured by Selective Laser Melting. Corros. Sci. 2019, 161, 108189. [CrossRef]
Kruth, J.P; Mercelis, P.; Van Vaerenbergh, J.; Froyen, L.; Rombouts, M. Binding Mechanisms in Selective Laser Sintering and
Selective Laser Melting. Rapid Prototyp. ]. 2005, 11, 26-36. [CrossRef]

Olakanmi, E.O.; Cochrane, R.E; Dalgarno, K.W. A Review on Selective Laser Sintering/Melting (SLS/SLM) of Aluminium Alloy
Powders: Processing, Microstructure, and Properties. Prog. Mater. Sci. 2015, 74, 401-477. [CrossRef]

Akita, M.; Uematsu, Y.; Kakiuchi, T.; Nakajima, M.; Kawaguchi, R. Defect-Dominated Fatigue Behavior in Type 630 Stainless Steel
Fabricated by Selective Laser Melting. Mater. Sci. Eng. A 2016, 666, 19-26. [CrossRef]

Liu, YJ.; Li, S.J.; Wang, H.L.; Hou, W.T.; Hao, Y.L.; Yang, R.; Sercombe, T.B.; Zhang, L.C. Microstructure, Defects and Mechanical
Behavior of Beta-Type Titanium Porous Structures Manufactured by Electron Beam Melting and Selective Laser Melting. Acta
Mater. 2016, 113, 56-67. [CrossRef]

Schwab, H.; Palm, F.; Kiihn, U.; Eckert, J. Microstructure and Mechanical Properties of the Near-Beta Titanium Alloy Ti-5553
Processed by Selective Laser Melting. Mater. Des. 2016, 105, 75-80. [CrossRef]

Averyanova, M.; Bertrand, P.; Verquin, B. Manufacture of Co-Cr Dental Crowns and Bridges by Selective Laser Melting Technology.
Virtual Phys. Prototyp. 2011, 6, 179-185. [CrossRef]

Harrison, N.J.; Todd, I.; Mumtaz, K. Reduction of Micro-Cracking in Nickel Superalloys Processed by Selective Laser Melting: A
Fundamental Alloy Design Approach. Acta Mater. 2015, 94, 59-68. [CrossRef]

Zhang, J.; Song, B.; Wei, Q.; Bourell, D.; Shi, Y. A Review of Selective Laser Melting of Aluminum Alloys: Processing, Microstruc-
ture, Property and Developing Trends. J. Mater. Sci. Technol. 2019, 35, 270-284. [CrossRef]

Nie, E; Dong, H.; Chen, S.; Li, P.; Wang, L.; Zhao, Z.; Li, X.; Zhang, H. Microstructure and Mechanical Properties of Pulse MIG
Welded 6061/A356 Aluminum Alloy Dissimilar Butt Joints. J. Mater. Sci. Technol. 2018, 34, 551-560. [CrossRef]

Li, W,; Yang, K; Yin, S.; Yang, X.; Xu, Y.; Lupoi, R. Solid-State Additive Manufacturing and Repairing by Cold Spraying: A Review.
J. Mater. Sci. Technol. 2018, 34, 440-457. [CrossRef]

Zheng, B.; Zhou, Y.; Smugeresky, J.E.; Schoenung, ] M.; Lavernia, E.J. Thermal Behavior and Microstructural Evolution during
Laser Deposition with Laser-Engineered Net Shaping: Part I. Numerical Calculations. Metall. Mater. Trans. A Phys. Metall. Mater.
Sci. 2008, 39, 2228-2236. [CrossRef]

Das, M.; Balla, VK,; Basu, D.; Bose, S.; Bandyopadhyay, A. Laser Processing of SiC-Particle-Reinforced Coating on Titanium. Scr.
Mater. 2010, 63, 438—441. [CrossRef]

Stefanescu, D.M.; Ruxanda, R. Fundamentals of Solidification. In Metallography and Microstructures; ASM International: Materials
Park, OH, USA, 2004; Volume 9, pp. 71-92. [CrossRef]


https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1080/09506608.2015.1116649
https://doi.org/10.1016/j.biomaterials.2016.01.012
https://doi.org/10.1080/09506608.2016.1176289
https://doi.org/10.1007/s12053-018-9620-1
https://doi.org/10.1016/j.cirp.2016.05.004
https://doi.org/10.1038/nmat5021
https://doi.org/10.1016/j.geoderma.2018.02.012
https://doi.org/10.1016/j.actamat.2014.11.028
https://doi.org/10.1146/annurev-matsci-070115-032024
https://doi.org/10.1016/j.scriptamat.2017.07.037
https://doi.org/10.1016/j.corsci.2019.108189
https://doi.org/10.1108/13552540510573365
https://doi.org/10.1016/j.pmatsci.2015.03.002
https://doi.org/10.1016/j.msea.2016.04.042
https://doi.org/10.1016/j.actamat.2016.04.029
https://doi.org/10.1016/j.matdes.2016.04.103
https://doi.org/10.1080/17452759.2011.619083
https://doi.org/10.1016/j.actamat.2015.04.035
https://doi.org/10.1016/j.jmst.2018.09.004
https://doi.org/10.1016/j.jmst.2016.11.004
https://doi.org/10.1016/j.jmst.2017.09.015
https://doi.org/10.1007/s11661-008-9557-7
https://doi.org/10.1016/j.scriptamat.2010.04.044
https://doi.org/10.31399/ASM.HB.V09.A0003724

Materials 2025, 18, 5089 38 of 40

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lavernia, E.J.; Ayers, ].D.; Srivatsan, T.S. Rapid Solidification Processing with Specific Application to Aluminium Alloys. Int.
Mater. Rev. 1992, 37, 1-44. [CrossRef]

Aversa, A.; Marchese, G.; Saboori, A.; Bassini, E.; Manfredi, D.; Biamino, S.; Ugues, D.; Fino, P.; Lombardi, M. New Aluminum
Alloys Specifically Designed for Laser Powder Bed Fusion: A Review. Materials 2019, 12, 1007. [CrossRef]

Aboulkhair, N.T.; Simonelli, M.; Parry, L.; Ashcroft, I.; Tuck, C.; Hague, R. 3D Printing of Aluminium Alloys: Additive
Manufacturing of Aluminium Alloys Using Selective Laser Melting. Prog. Mater. Sci. 2019, 106, 100578. [CrossRef]

Attaran, M. The Rise of 3-D Printing: The Advantages of Additive Manufacturing over Traditional Manufacturing. Bus. Horiz.
2017, 60, 677-688. [CrossRef]

Pollock, T.M.; Clarke, A.J.; Babu, S.S. Design and Tailoring of Alloys for Additive Manufacturing. Metall. Mater. Trans. A Phys.
Metall. Mater. Sci. 2020, 51, 6000-6019. [CrossRef]

Tan, Q.; Fan, Z,; Tang, X,; Yin, Y,; Li, G.; Huang, D.; Zhang, |.; Liu, Y.; Wang, F; Wu, T; et al. A Novel Strategy to Additively
Manufacture 7075 Aluminium Alloy with Selective Laser Melting. Mater. Sci. Eng. A 2021, 821, 141638. [CrossRef]

Stopyra, W.; Gruber, K.; Smolina, I.; Kurzynowski, T.; KuzZnicka, B. Laser Powder Bed Fusion of AA7075 Alloy: Influence of
Process Parameters on Porosity and Hot Cracking. Addit. Manuf. 2020, 35, 101270. [CrossRef]

Mishra, R.S.; Thapliyal, S. Design Approaches for Printability-Performance Synergy in Al Alloys for Laser-Powder Bed Additive
Manufacturing. Mater. Des. 2021, 204, 109640. [CrossRef]

Martin, ].H.; Yahata, B.D.; Hundley, ].M.; Mayer, ].A.; Schaedler, T.A.; Pollock, T.M. 3D Printing of High-Strength Aluminium
Alloys. Nature 2017, 549, 365-369. [CrossRef]

Li, R; Wang, M.; Li, Z.; Cao, P; Yuan, T.; Zhu, H. Developing a High-Strength Al-Mg-Si-Sc-Zr Alloy for Selective Laser Melting:
Crack-Inhibiting and Multiple Strengthening Mechanisms. Acta Mater. 2020, 193, 83-98. [CrossRef]

Tan, Q.; Zhang, J.; Sun, Q.; Fan, Z.; Li, G;; Yin, Y,; Liu, Y.; Zhang, M.-X; Tan, Q.; Zhang, J.; et al. Inoculation Treatment of an
Additively Manufactured 2024 Aluminium Alloy with Titanium Nanoparticles. AcMat 2020, 196, 1-16. [CrossRef]

Best, ].P.; Maeder, X.; Michler, ].; Spierings, A.B. Mechanical Anisotropy Investigated in the Complex SLM-Processed Sc- and
Zr-Modified Al-Mg Alloy Microstructure. Adv. Eng. Mater. 2019, 21, 1801113. [CrossRef]

Yamasaki, S.; Okuhira, T.; Mitsuhara, M.; Nakashima, H.; Kusui, J.; Adachi, M. Effect of Fe Addition on Heat-Resistant Aluminum
Alloys Produced by Selective Laser Melting. Metals 2019, 9, 468. [CrossRef]

Martin, ].H.; Yahata, B.; Mayer, J.; Mone, R.; Stonkevitch, E.; Miller, J.; O'Masta, M.R.; Schaedler, T.; Hundley, J.; Callahan, P;
et al. Grain Refinement Mechanisms in Additively Manufactured Nano-Functionalized Aluminum. AcMat 2020, 200, 1022-1037.
[CrossRef]

Opprecht, M.; Garandet, ].-P,; Roux, G.; Flament, C.; Soulier, M.; Opprecht, M.; Garandet, ].-P.; Roux, G.; Flament, C.; Soulier, M.
A Solution to the Hot Cracking Problem for Aluminium Alloys Manufactured by Laser Beam Melting. AcMat 2020, 197, 40-53.
[CrossRef]

Li, X,; Li, D,; Li, G.; Cai, Q. Microstructure, Mechanical Properties, Aging Behavior, and Corrosion Resistance of a Laser Powder
Bed Fusion Fabricated Al-Zn-Mg-Cu-Ta Alloy. Mater. Sci. Eng. A 2022, 832, 142364. [CrossRef]

Zhu, Z.; Ng, EL.; Seet, H.L.; Lu, W,; Liebscher, C.H.; Rao, Z.; Raabe, D.; Mui Ling Nai, S. Superior Mechanical Properties of a
Selective-Laser-Melted A1ZnMgCuScZr Alloy Enabled by a Tunable Hierarchical Microstructure and Dual-Nanoprecipitation.
Mater. Today 2022, 52, 90-101. [CrossRef]

Zhang, H.; Zhu, H.; Nie, X,; Yin, J.; Hu, Z.; Zeng, X. Effect of Zirconium Addition on Crack, Microstructure and Mechanical
Behavior of Selective Laser Melted Al-Cu-Mg Alloy. Scr. Mater. 2017, 134, 6-10. [CrossRef]

Nie, X.; Zhang, H.; Zhu, H.; Hu, Z.; Ke, L.; Zeng, X. Effect of Zr Content on Formability, Microstructure and Mechanical Properties
of Selective Laser Melted Zr Modified Al-4.24Cu-1.97Mg-0.56Mn Alloys. J. Alloys Compd. 2018, 764, 977-986. [CrossRef]

Li, G.; Ruan, G.; Huang, Y.; Xu, Z,; Li, X.; Guo, C.; Zhao, C.; Cheng, L.; Hu, X,; Li, X; et al. Facile and Cost-Effective Approach
to Additively Manufacture Crack-Free 7075 Aluminum Alloy by Laser Powder Bed Fusion. J. Alloys Compd. 2022, 928, 167097.
[CrossRef]

Bai, Y;; Yang, Y.; Xiao, Z.; Zhang, M.; Wang, D. Process Optimization and Mechanical Property Evolution of AlSiMg0.75 by
Selective Laser Melting. Mater. Des. 2018, 140, 257-266. [CrossRef]

Li, X.P; Wang, X.J.; Saunders, M.; Suvorova, A.; Zhang, L.C.; Liu, Y.].; Fang, M.H.; Huang, Z.H.; Sercombe, T.B. A Selective
Laser Melting and Solution Heat Treatment Refined Al-12Si Alloy with a Controllable Ultrafine Eutectic Microstructure and 25%
Tensile Ductility. Acta Mater. 2015, 95, 74-82. [CrossRef]

Li, W,; Li, S,; Liu, J.; Zhang, A.; Zhou, Y.; Wei, Q.; Yan, C.; Shi, Y. Effect of Heat Treatment on AlSi10Mg Alloy Fabricated by
Selective Laser Melting: Microstructure Evolution, Mechanical Properties and Fracture Mechanism. Mater. Sci. Eng. A 2016, 663,
116-125. [CrossRef]

Zhou, L.; Huynh, T.; Park, S.; Hyer, H.; Mehta, A.; Song, S.; Bai, Y. Laser Powder Bed Fusion of Al-10 Wt% Ce Alloys:
Microstructure and Tensile Property. J. Mater. Sci. 2020, 55, 14611-14626. [CrossRef]


https://doi.org/10.1179/imr.1992.37.1.1
https://doi.org/10.3390/ma12071007
https://doi.org/10.1016/j.pmatsci.2019.100578
https://doi.org/10.1016/j.bushor.2017.05.011
https://doi.org/10.1007/s11661-020-06009-3
https://doi.org/10.1016/j.msea.2021.141638
https://doi.org/10.1016/j.addma.2020.101270
https://doi.org/10.1016/j.matdes.2021.109640
https://doi.org/10.1038/nature23894
https://doi.org/10.1016/j.actamat.2020.03.060
https://doi.org/10.1016/J.ACTAMAT.2020.06.026
https://doi.org/10.1002/adem.201801113
https://doi.org/10.3390/met9040468
https://doi.org/10.1016/j.actamat.2020.09.043
https://doi.org/10.1016/j.actamat.2020.07.015
https://doi.org/10.1016/j.msea.2021.142364
https://doi.org/10.1016/j.mattod.2021.11.019
https://doi.org/10.1016/j.scriptamat.2017.02.036
https://doi.org/10.1016/j.jallcom.2018.06.032
https://doi.org/10.1016/j.jallcom.2022.167097
https://doi.org/10.1016/j.matdes.2017.11.045
https://doi.org/10.1016/j.actamat.2015.05.017
https://doi.org/10.1016/j.msea.2016.03.088
https://doi.org/10.1007/s10853-020-05037-z

Materials 2025, 18, 5089 39 of 40

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Plotkowski, A.; Sisco, K.; Bahl, S.; Shyam, A.; Yang, Y.; Allard, L.; Nandwana, P.; Rossy, A.M.; Dehoff, R.R. Microstructure
and Properties of a High Temperature Al-Ce-Mn Alloy Produced by Additive Manufacturing. Acta Mater. 2020, 196, 595-608.
[CrossRef]

Xinwei, L.; Shi, S.; Shuang, H.; Xiaogang, H.; Qiang, Z.; Hongxing, L.; Wenwu, L.; Yusheng, S.; Hui, D. Microstructure,
Solidification Behavior and Mechanical Properties of Al-Si-Mg-Ti/TiC Fabricated by Selective Laser Melting. Addit. Manuf. 2020,
34, 101326. [CrossRef]

Li, X,; Li, G.; Zhang, M.X,; Zhu, Q. Novel Approach to Additively Manufacture High-Strength Al Alloys by Laser Powder Bed
Fusion through Addition of Hybrid Grain Refiners. Addit. Manuf. 2021, 48, 102400. [CrossRef]

Zhou, S.Y,; Su, Y.; Wang, H.; Enz, J.; Ebel, T.; Yan, M. Selective Laser Melting Additive Manufacturing of 7xxx Series Al-Zn-Mg-Cu
Alloy: Cracking Elimination by Co-Incorporation of Si and TiB2. Addit. Manuf. 2020, 36, 101458. [CrossRef]

Otani, Y.; Sasaki, S. Effects of the Addition of Silicon to 7075 Aluminum Alloy on Microstructure, Mechanical Properties, and
Selective Laser Melting Processability. Mater. Sci. Eng. A 2020, 777, 139079. [CrossRef]

Otani, Y.; Kusaki, Y.; Itagaki, K.; Sasaki, S. Microstructure and Mechanical Properties of A7075 Alloy with Additional Si Objects
Fabricated by Selective Laser Melting. Mater. Trans. 2019, 60, 2143-2150. [CrossRef]

Li, L; Li, R; Yuan, T.; Chen, C.; Zhang, Z.; Li, X. Microstructures and Tensile Properties of a Selective Laser Melted Al-Zn-Mg-Cu
(Al7075) Alloy by Si and Zr Microalloying. Mater. Sci. Eng. A 2020, 787, 139492. [CrossRef]

Aziz, M.]. Model for Solute Redistribution during Rapid Solidification. J. Appl. Phys. 1982, 53, 1158-1168. [CrossRef]

Debroy, T.; David, S.A. Physical Processes in Fusion Welding. Rev. Mod. Phys. 1995, 67, 85. [CrossRef]

Kim, S.G.; Whang, S.H. Grain Refinement in Rapidly Solidified W-Si Alloys. J. Mater. Sci. 1991, 26, 5911-5914. [CrossRef]
Thapliyal, S.; Komarasamy, M.; Shukla, S.; Zhou, L.; Hyer, H.; Park, S.; Sohn, Y.; Mishra, R.S. An Integrated Computational
Materials Engineering-Anchored Closed-Loop Method for Design of Aluminum Alloys for Additive Manufacturing. Materialia
2020, 9, 100574. [CrossRef]

Kou, S. A Simple Index for Predicting the Susceptibility to Solidification Cracking. Weld. ]. 2015, 94, 374-388.

Thapliyal, S.; Nene, S.S.; Agrawal, P; Wang, T.; Morphew, C.; Mishra, R.S.; McWilliams, B.A.; Cho, K.C. Damage-Tolerant,
Corrosion-Resistant High Entropy Alloy with High Strength and Ductility by Laser Powder Bed Fusion Additive Manufacturing.
Addit. Manuf. 2020, 36, 101455. [CrossRef]

Kou, S. A Criterion for Cracking during Solidification. Acta Mater. 2015, 88, 366-374. [CrossRef]

Eskin, D.G.; Suyitno; Katgerman, L. Mechanical Properties in the Semi-Solid State and Hot Tearing of Aluminium Alloys. Prog.
Mater. Sci. 2004, 49, 629-711. [CrossRef]

Dovgyy, B.; Simonelli, M.; Pham, M.S. Alloy Design against the Solidification Cracking in Fusion Additive Manufacturing: An
Application to a FeCrAl Alloy. Mater. Res. Lett. 2021, 9, 350-357. [CrossRef]

Lippold, J.C. Welding Metallurgy and Weldability; Wiley: Hoboken, NJ, USA, 2014; pp. 1-400. ISBN 9781118230701. [CrossRef]
Saida, K.; Matsushita, H.; Nishimoto, K.; Kiuchi, K.; Nakayama, J. Quantitative Influence of Minor and Impurity Elements on Hot
Cracking Susceptibility of Extra High-Purity Type 310 Stainless Steel. Yosetsu Gakkai Ronbunshu Q. . Jpn. Weld. Soc. 2013, 31,
56-65. [CrossRef]

Agarwal, G.; Kumar, A.; Gao, H.; Amirthalingam, M.; Moon, S.C.; Dippenaar, R.J.; Richardson, I.M.; Hermans, M.].M. Study of
Solidification Cracking in a Transformation-Induced Plasticity-Aided Steel. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2018,
49,1015-1020. [CrossRef]

Momeni, K.; Neshani, S.; Uba, C.; Ding, H.; Raush, J.; Guo, S. Engineering the Surface Melt for In-Space Manufacturing of
Aluminum Parts. ]. Mater. Eng. Perform. 2022, 31, 6092-6100. [CrossRef]

Kvvssn, V.; Butt, M.M.; Laieghi, H.; Uddin, Z.; Salamci, E.; Kim, D.B.; Kizil, H. Recent Progress in Additive Manufacturing of
7XXX Aluminum Alloys. Int. |. Adv. Manuf. Technol. 2025, 137, 4353-4399. [CrossRef]

Wen, H. Laser Surface Treatment and Laser Powder Bed Fusion Additive Manufacturing Study Using Custom Designed 3D
Printer and the Application of Machine Learning in Materials Science. Ph.D. Dissertations, Louisiana State University, Baton
Rouge, LA, USA, 2021. [CrossRef]

Wen, H.; Zeng, C.; Hemmasian Ettefagh, A.; Gao, J.; Guo, S. Laser Surface Treatment of Ti-10Mo Alloy under Ar and N2
Environment for Biomedical Application. J. Laser Appl. 2019, 31, 022012. [CrossRef]

Montero Sistiaga, M.L.; Mertens, R.; Vrancken, B.; Wang, X.; Van Hooreweder, B.; Kruth, ].P.; Van Humbeeck, J. Changing the
Alloy Composition of Al7075 for Better Processability by Selective Laser Melting. . Mater. Process. Technol. 2016, 238, 437-445.
[CrossRef]

Zhang, X.; Xiao, Z.; Yu, W.; Chua, CK,; Zhu, L.; Wang, Z.; Xue, P,; Tan, S.; Wu, Y.; Zheng, H. Influence of Erbium Addition on the
Defects of Selective Laser-Melted 7075 Aluminium Alloy. Virtual Phys. Prototyp. 2022, 17, 406—418. [CrossRef]

Yu, W.; Xiao, Z.; Zhang, X.; Sun, Y.; Xue, P,; Tan, S.; Wu, Y.; Zheng, H. Processing and Characterization of Crack-Free 7075
Aluminum Alloys with Elemental Zr Modification by Laser Powder Bed Fusion. Mater. Sci. Addit. Manuf. 2022, 1, 4. [CrossRef]


https://doi.org/10.1016/j.actamat.2020.07.014
https://doi.org/10.1016/j.addma.2020.101326
https://doi.org/10.1016/j.addma.2021.102400
https://doi.org/10.1016/j.addma.2020.101458
https://doi.org/10.1016/j.msea.2020.139079
https://doi.org/10.2320/matertrans.Y-M2019837
https://doi.org/10.1016/j.msea.2020.139492
https://doi.org/10.1063/1.329867
https://doi.org/10.1103/RevModPhys.67.85
https://doi.org/10.1007/BF01130133
https://doi.org/10.1016/j.mtla.2019.100574
https://doi.org/10.1016/j.addma.2020.101455
https://doi.org/10.1016/j.actamat.2015.01.034
https://doi.org/10.1016/S0079-6425(03)00037-9
https://doi.org/10.1080/21663831.2021.1922945
https://doi.org/10.1002/9781118960332
https://doi.org/10.2207/qjjws.31.56
https://doi.org/10.1007/s11661-018-4505-7
https://doi.org/10.1007/s11665-022-07054-2
https://doi.org/10.1007/s00170-025-15415-z
https://doi.org/10.31390/gradschool_dissertations.5640
https://doi.org/10.2351/1.5090343
https://doi.org/10.1016/j.jmatprotec.2016.08.003
https://doi.org/10.1080/17452759.2021.1990358
https://doi.org/10.18063/msam.v1i1.4

Materials 2025, 18, 5089 40 of 40

78. Aversa, A.; Marchese, G.; Manfredi, D.; Lorusso, M.; Calignano, F.; Biamino, S.; Lombardi, M.; Fino, P.; Pavese, M. Laser Powder
Bed Fusion of a High Strength Al-Si-Zn-Mg-Cu Alloy. Metals 2018, 8, 300. [CrossRef]

79. Choe, J.; Kim, K.T,; Yu, ]. H,; Park, ].M.; Yang, D.Y,; Jung, S.H.; Jo, S.; Joo, H.; Kang, M.; Ahn, S.Y.; et al. A Novel Route for
Predicting the Cracking of Inoculant-Added AA7075 Processed via Laser Powder Bed Fusion. Addit. Manuf. 2023, 62, 103370.
[CrossRef]

80. Yang, T.; Chen, X,; Liu, T.; Wei, H.; Zhu, Z; Du, Y.; Cao, Y.; Zhang, C.; Liao, W. Crack-Free High-Strength AA-7075 Fabricated by
Laser Powder Bed Fusion with Inoculations of Metallic Glass Powders. Mater. Sci. Eng. A 2024, 891, 145916. [CrossRef]

81. Li, G, Li, X,; Guo, C.; Zhou, Y.; Tan, Q.; Qu, W,; Li, X.; Hu, X.; Zhang, M.X.; Zhu, Q. Investigation into the Effect of Energy Density
on Densification, Surface Roughness and Loss of Alloying Elements of 7075 Aluminium Alloy Processed by Laser Powder Bed
Fusion. Opt. Laser Technol. 2022, 147, 107621. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/met8050300
https://doi.org/10.1016/j.addma.2022.103370
https://doi.org/10.1016/j.msea.2023.145916
https://doi.org/10.1016/j.optlastec.2021.107621

	Introduction 
	Materials and Methods 
	CALPHAD-Based Alloy Design Approach for LPBF 
	Compositions of Interest 
	Materials 
	Sample Preparation 
	LPBF Experiments 
	Microstructural Characterization 

	Results and Discussion 
	CALPHAD-Based Alloy Design Analysis for LPBF Using Solidification Indices 
	SEM Analysis 
	EDS Analysis 
	X-Ray Micro-CT Analysis 
	XRD Analysis 

	Conclusions 
	Appendix A
	CALPHAD-Based Alloy Design Results 
	SEM Results 
	EDS Results 

	References

